Introduction {#Sec1}
============

Neurofibromatosis Type 1 (NF1) is an autosomal dominant genetic disorder with an incidence of approximately 1 in 3000 (Moore and Denckla [@CR23]; National Institutes of Health [@CR26]). Clinical manifestations of NF1 include café-au-lait spots, intertriginous freckling, Lisch nodules (i.e. pigmented iris hamartomas or freckling in the iris), neurofibromas (i.e. Schwann cell tumors), optic pathway gliomas, and distinctive bone lesions (e.g., short stature or dystrophic scoliosis) (Williams et al. [@CR39]). The *NF1*-gene is located on chromosome 17 (17q11.2). Neurofibromin, the protein product of this gene, is involved in Ras GTPase activation (Costa and Silva [@CR6]). Ras GTPase downregulates Ras, a family of proteins involved in cell proliferation and differentiation. Thus, lack of Neurofibromin due to *NF1*-gene defects may lead to a lack of inhibitory control over Ras. Increased formation, migration, and differentiation of neurons may result in structural and functional brain abnormalities associated with cognitive impairment (Costa and Silva [@CR6]; Hyman et al. [@CR21]; Moore et al. [@CR24]; Steen et al. [@CR35]). Cognitive impairment, the most common complication in NF1, has been observed in many cognitive domains, but becomes more apparent when more cognitive control is required (Huijbregts et al. [@CR19]; Rowbotham et al. [@CR31]). Cognitive deficits are strongly associated with academic underachievement (Coudé et al. [@CR8]), which, in turn, has been suggested to underlie social difficulties in NF1 (Coudé et al. [@CR7]). The primary question of the present study is whether cognitive deficits underlie social impairments in NF1.

The brain abnormalities (e.g. reduced white matter integrity, macrocephaly, abnormal gamma-aminobutyric acid (GABA(A)-activity: Cutting et al. [@CR9]; Costa and Silva [@CR6]; Van Engelen et al. [@CR37]; Zamboni et al. [@CR40]) that have been hypothesized to underlie cognitive deficits in NF1 may also manifest themselves in social and behavioral difficulties. Adaptive functioning in complex social situations requires good communication between many different brain regions (e.g. Ochsner [@CR28]), as do many cognitive (control) operations (e.g. Schlösser and Wagner [@CR33]). NF1-patients experience many social and behavioral problems. These problems are of a diverse nature and include difficulties in interacting with peers, poorer social skills, and both internalizing and externalizing behavior problems (Barton and North [@CR4]; Graf et al. [@CR15]; Noll et al. [@CR27]; Prinzie et al. [@CR29]). Studies investigating relations between cognition on the one hand and social and behavioral functioning in NF1 on the other are very scarce. Descheemaeker et al. ([@CR13]) studied 17 NF1 children using socio-behavioral and cognitive measures but found no significant relations between them. Barton and North ([@CR4]) showed that the presence of ADHD was an important risk factor for poor social skills and outcomes. Coudé et al. ([@CR7], [@CR8]) noted that academic problems associated with attention deficits or ADHD may predispose children with NF1 to social difficulties. Prinzie et al. ([@CR29]) found no significant correlations between IQ and sociobehavioral factors such as conscientiousness, emotional stability, irritability, and openness to new experiences.

Thus, the evidence for cognitive deficits underlying social and behavioral problems in NF1 is mixed. One possible explanation for the fact that some studies did not find associations is the choice of cognitive constructs examined in this context. Evidence from neuroimaging and neuropsychological studies suggests that information processing speed, cognitive control, and social information processing should be considered in studies investigating associations between social and behavioral functioning and cognition in NF1 (e.g. Cutting et al. [@CR9]; Huijbregts et al. [@CR19], [@CR20]; Hyman et al. [@CR21]; Rowbotham et al. [@CR31]; Steen et al. [@CR35]). Another issue is that certain socio-behavioral outcomes appear to have received insufficient attention. Like Tuberous Sclerosis, fragile X, and disorders associated with phosphatase and tensin homo (PTEN) mutations, NF1 signals through the mTOR signaling pathway, and it has been suggested that, together, these disorders represent between 10 and 20% of autism spectrum disorders (ASD) (De Vries [@CR11]). ASD may represent one highly prevalent neuropsychiatric phenotype of NF1. Hyperactivity-inattention may represent another. We suggest that these neuropsychiatric phenotypes should be considered social-behavioral manifestations of NF1 (rather than intermediate phenotypes), which, in turn, could be predicted by cognitive deficits.

Thus, the aims of the present study were to find out (1) whether group differences between NF1-patients and healthy controls could be confirmed for different measures of social functioning and behavior, and (2) whether cognitive control, social information processing, information processing speed or general cognitive competence could explain possible group differences.

Method {#Sec2}
======

Participants {#Sec3}
------------

Children and adolescents with NF1 (12 boys, 18 girls; mean age 11.7 years (SD = 3.3, range: 6.9--17.4 years), were recruited through the Dutch Neurofibromatosis Association. All NF1 participants fulfilled the diagnostic criteria specified by the National Institutes of Health Consensus Conference (1988). Mean age of diagnosis was 3.0 years (SD = 2.3 years). Fourteen cases were confirmed to be familial; 12 patients had the sporadic variant, and for four NF1-patients the variant was unknown. Written informed consent was obtained from both parents and participants, with parents verifying willingness to participate in those under the age of 12. The control group (11 boys, 19 girls) (mean age 12.5 years (SD = 3.1, range 6.0--17.3 years) consisted predominantly of unaffected siblings of the participants with NF1 (*n* = 22), supplemented with a number of their friends (*n* = 8). Ethical approval for this study was granted by Leiden University's Education and Child Studies Ethics Committee.

Measures {#Sec4}
========

Social functioning/behavior problems {#Sec5}
------------------------------------

In this study, parents informed on social functioning and behavior problems of NF1-patients and controls through a number of questionnaires. The Social Responsiveness Scale (SRS) (Constantino [@CR5]) was used to assess autistic traits, the Strengths and Difficulties Questionnaire (SDQ) (Goodman [@CR14]) to assess hyperactivity-inattention, conduct problems, emotional problems, and peer problems, and the Social Skills Rating System (SSRS) (Gresham and Elliot [@CR16]) to assess social skills.

The SRS consists of 65 items rated on a 4-point Likert scale (from 1 = never true to 4 = almost always true). There are five dimensions: social awareness, social cognition, social communication (capacity for reciprocal social responses), social motivation (including social anxiety/avoidance), and autistic mannerisms (characteristic autistic preoccupations/traits). Higher scores on these scales indicate greater severity of social impairment. The SRS has an internal consistency of between .91 and .97 (Cronbach's α). SRS total score (i.e. the sum of scores on all 5 dimensions) was used in statistical analyses.

The SSRS measures social skills using the following dimensions: Self-Control, Assertion, Cooperation, and Responsibility. The 38 items are rated on a 3-point Likert scale according to frequency of occurrence (never, sometimes, very often) over the last 6 months. The SSRS has an internal consistency of .87--.90 (Cronbach's alpha). The SSRS total score (i.e. the sum of scores on all 4 dimensions) was used in statistical analyses.

The SDQ is a short questionnaire with 25 items and contains five dimensions: Emotional Problems, Conduct Problems, Hyperactivity/inattention, Peer Problems, and Prosocial Behavior (not used here). The items were rated on a 3-point Likert scale (not true, somewhat true, certainly true). The SDQ has satisfactory internal consistency (mean Cronbach's α for different dimensions = .73), and good criterion validity.

Cognitive functioning {#Sec6}
---------------------

Five tests from the Amsterdam Neuropsychological Tasks (ANT) (De Sonneville [@CR10]) were used to assess speed of information processing, cognitive control, and social information processing. Test--retest reliability, construct-, criterion-, and discriminant validity of the computerized ANT-tasks are satisfactory and have extensively been described and illustrated elsewhere (Huijbregts et al. [@CR19], [@CR20]; Rowbotham et al. [@CR31]). The tasks used for this study were described in more detail in these papers as well, but a short description of each will be provided here.

In order to measure processing speed a task called Baseline Speed was used, where participants had to respond as quickly as possible, by pressing a mouse button, when a fixation cross presented at the center of the computer screen changed into a square. Participants first performed the task with their non-dominant hand and then repeated it with their dominant hand (32 trials for each hand). Processing speed was the mean RT (in ms) of left- and right-hand responses.

Cognitive control was operationalized as performance on a working memory task and a task measuring inhibitory control. The working memory task (Memory Search 2D Objects: MS2D) requires participants to remember target figures characterized by two specific features (color and shape, e.g. a blue square). Each trial shows four figures on the screen: participants press the yes-button (i.e. a response with the index finger of the dominant hand) when a target is present in the display and the no-button (a response with the index finger of the non-preferred hand) when no target figure is present. Performance in part 2 of the task (48 trials) compared to performance in part 1 (48 trials) of the task provides a cognitive control measure as WM-load is higher in task part 2. The task measuring inhibitory control was the Response Organization Arrows (ROA). The stimulus is an arrow (left- or right-pointing) and the color of the arrow determines which type of response is required. In "compatible mapping" (part 1, green arrow, 40 trials), the left-key is pressed when the arrow points to the left, and the right-key is pressed when the arrow points to the right. For "incompatible mapping" (part 2, red arrow, 40 trials), the opposite should be done. The difference in accuracy between task part 1 and part 2 is considered a measure of cognitive (inhibitory) control.

Social information processing was measured using tasks called Identification of Facial Emotions (IFE) and Matching of Facial Emotions (MFE). IFE measures the ability to identify emotions from facial expressions. Participants had to press the yes-button when the emotion expressed on the computer screen matched a particular target emotion (i.e. happy, sad, angry or fear) and the no-button when it did not (40 trials for each condition/emotion, 20 of which represented the target emotion). MFE measured the ability to match a set emotions presented on the computer screen (again using happy, sad, angry and fearful expressions) (160 trials) (see Huijbregts et al. [@CR20]).

Disease severity {#Sec7}
----------------

Parents filled out a questionnaire, containing items from NF1-severity scales introduced by Riccardi ([@CR30]), and adapted by Ablon ([@CR1]) and Noll et al. ([@CR27]). "Yes" or "no"-answers were required to questions about the presence of NF1-symptomatology (motor difficulties, scoliosis, eyesight problems, cutaneous neurofibromas, tumors (plexiforms or optic glioma), café-au-lait spots, cosmetic difficulties, psychological problems, learning difficulties, and ADHD-status (as diagnosed by a child psychiatrist, and including medication-status) and other behavior problems). The sum of the "yes"-answers of all items except "ADHD-status", "other behavior problems", "psychological problems", and "learning difficulties" (which were considered behavioral, social and cognitive outcomes in the present study) was used as a measure for disease severity.

Statistical analyses {#Sec8}
--------------------

First, correlations between cognitive outcomes that were supposedly in the same domain (cognitive control; social information processing) were examined. In case these were significantly related, the two measures for each domain were transformed into one by calculating the mean of standardized error scores. Secondly, it was examined, in the same manner as described above, whether it was possible to form one measure to indicate general cognitive ability.

Next, group differences in social and behavioral outcomes as well as cognitive outcomes were examined using General Linear Model (GLM) analyses of variance. In case particular cognitive outcomes discriminated between NF1-patients and controls, and they were related to social and behavioral outcomes, they were introduced to the analyses of social and behavioral outcomes as covariates. The cognitive variable that had the strongest correlation with any particular social or behavioral outcome was chosen to serve as a covariate in GLM analyses of covariance. In a further step, age and index of disease severity were entered as additional covariates if related to both the selected cognitive covariate and the social or behavioral outcomes.

Results {#Sec9}
=======

Preliminary analyses {#Sec10}
--------------------

The two measures of cognitive control (inhibitory control and working memory) were significantly related (*r* = .37, *p* = .002), as were the two social information processing measures (identification of facial emotions and matching of facial emotions: *r* = .79, *p* \< .001), so one cognitive control measure and one social information processing score were created using the standardized error rates on the tasks. The resulting cognitive control and social information scores were also significantly related to each other (*r* = .42, *p* \< .001), as well as to information processing speed (*r* = .33, *p* = .005 and *r* = .50, *p* \< .001, respectively), which allowed the creation of one (standardized) score representing general cognitive ability.

Next, associations were established between measures of cognitive ability and social and behavioral outcome measures (Table [1](#Tab1){ref-type="table"}). In general, there were significant associations indicating more social and behavioral problems when there were more cognitive difficulties. Whereas for autistic traits, social skills and emotional problems the strongest relations were observed with the total cognition score, conduct problems and peer problems had stronger relations with social information processing. Hyperactivity-inattention was related only to cognitive control.Table 1Correlations between cognition and social and behavioral measuresInformation processing speedCognitive controlSocial information processingTotal cognition scoreAutistic traits.43\*\*.37\*.52\*\*.56\*\*Emotional problems.39\*\*.27\*.36\*.44\*\*Social skills−.21−.26\*−.24\*−.30\*Hyperactivity-inattention.03.23\*.08.13Conduct problems.15.18.38\*\*.30\*Peer problems.20−.01.38\*\*.26\*\* *p* ≤ .05. \*\* *p* ≤ .001; Cognition scores represent RT or error rate, so higher scores correspond to poorer performance

There was a strong improvement with age for information processing speed (*r* = −.51, *p* \< .001), cognitive control (*r* = −.35, *p* = .003), social information processing (*r* = -.45, *p* \< .001), and the total cognition score (*r* = -.57, *p* \< .001). With respect to social functioning and behavior, however, age was only significantly related to hyperactivity-inattention (*r* = -.31, *p* = .008) and conduct problems (*r* = -.29, *p* = .012), indicating a reduction of such problems with increasing age. There were no significant associations between the severity index (excluding psychological, learning, ADHD-status and behavioral problems) and social and behavioral outcomes. There were significant associations between disease severity and cognition (total cognition: *r* = .33, *p* = .044; social information processing: *r* = .32, *p* = .049; processing speed: *r* = .50, *p* = .003).

Based on these results, subsequent analyses were performed with total cognition score as a covariate for autistic traits, social skills and emotional problems, with social information processing as a covariate for conduct problems and peer problems, and with cognitive control as covariate for analyses of hyperactivity-inattention. Age was only entered in the analyses of hyperactivity-inattention and conduct problems and, because a lack of significant associations with outcome measures, the severity index was not entered in further analyses.

Group differences {#Sec11}
-----------------

NF1-patients scored significantly lower than controls on cognitive control \[*F* (1,58) = 12.0, *p* = .001, η~p~² = .17\] and social information processing \[*F* = 8.1, *p* = .006, η~p~² = .12\]. They were also slower than their healthy counterparts \[*F* = 7.1, *p* = .010, η~p~² = .11\] and had a lower overall cognition score \[*F* = 15.5, *p* \< .001, η~p~² = .21\].

Furthermore, NF1-patients differed, to their disadvantage, from controls on all behavioral and social outcome measures (see Table [2](#Tab2){ref-type="table"}).Table 2Group differences between children with Neurofibromatosis Type 1 and controls on social and behavioral outcome measures before and after statistical control for cognitive abilitiesNF1 (*N* = 30)Controls (*N* = 30)GLM ANOVA without covariatesGLM ANOVA with covariatesMean (SD)Mean (SD)*F*(1,58)*p*η~p~^2^*F*(1,57)*p*η~p~^2^SRS^a^59.4 (23.4)21.4 (9.6)67.8\<.001.5441.2\<.001.42SSRS^b^52.0 (12.1)61.2 (8.0)12.0.001.176.8.012.11Hyperactivity-inattention^c^3.1 (3.2)1.2 (1.7)8.5.005.135.5.023.09Conduct problems^d^1.2 (1.6).4 (.7)6.5.014.102.7.106.05Emotional problems^e^3.0 (2.5)1.5 (1.4)7.8.007.121.9.179.03Peer problems^f^2.7 (1.9)1.1 (1.1)16.8\<.001.2210.4.002.15^a^*SRS* Social Responsiveness Scale, total score (social awareness + social cognition + social communication + social motivation + autistic mannerisms). Covariate: total cognition (derived from processing speed, social information processing and cognitive control)^b^*SSRS* Social Skills Rating System, total score (self-control + assertion + cooperation + responsibility). Covariate: total cognition^c^*Hyperactivity-inattention* score from Strengths and Difficulties Questionnaire. Covariate: cognitive control^d^*Conduct problems* score from Strengths and Difficulties Questionnaire. Covariate: social information processing^e^*Emotional problems* score from Strengths and Difficulties Questionnaire. Covariate: total cognition^f^*Peer problems* score from Strengths and Difficulties Questionnaire. Covariate: social information processing

Total cognition explained a significant proportion of the variance in autistic traits \[*F* = 9.3, *p* = .003, η~p~² = .14\]. After covarying for total cognition, the group difference regarding autistic traits reduced but remained significant. Similarly, group differences regarding social skills reduced but remained significant after control for total cognition (Table [2](#Tab2){ref-type="table"}).

For hyperactivity-inattention, covarying for cognitive control reduced the group difference, which again remained significant. Adding age, which did have a significant unique contribution to hyperactivity-inattention \[*F*(1,56) = 4.3, *p* = .043, η~p~² = .07\], did not attenuate group differences towards non-significance either. For conduct problems, statistical control for social information processing reduced the group difference to such an extent that it became non-significant. Social information processing had a unique contribution to conduct problems \[*F* = 5.8, *p* = .020, η~p~² = .09\]. Adding age did not change these results, and it did not have a unique contribution itself.

For emotional problems, the difference between NF1-patients and controls became non-significant after statistical control for total cognition. Total cognition itself had a significant contribution to the variance in emotional problems \[*F* = 7.3, *p* = .009, η~p~² = .11\]. Finally, for peer problems, control for social information processing reduced the group difference although it remained significant. Social information processing did have a unique contribution to peer problems \[*F* = 4.1, *p* = .047, η~p~² = .07\]. Figure [1](#Fig1){ref-type="fig"} illustrates that the greatest reductions in group differences after control for cognitive abilities were observed for conduct problems and emotional problems, where effect sizes (more than) halved.Fig. 1Partial effect sizes of group differences (Neurofibromatosis Type 1 versus controls) before and after control for cognitive skills

Discussion {#Sec12}
==========

The results of this study showed that emotional problems of NF1-patients could be explained by general cognitive ability (a composite score of processing speed, social information processing, and cognitive control), and that conduct problems could be explained by social information processing deficits. These are important results as they show that improvement of (specific aspects of) cognition may help reducing behavior problems of children with NF1 to such an extent that differences with healthy controls are no longer apparent. General cognitive ability also significantly contributed to social responsiveness (or a lack of autistic traits), whereas social information processing was important for the existence of peer problems. For these socio-behavioral outcomes, however, group differences between NF1-patients and controls remained significant after statistical control for cognitive abilities.

A possible explanation for the fact that group differences remained evident for autistic traits, peer problems, social skills and hyperactivity-inattention is that aspects of cognition that might be particularly important for specific social and behavioral problems were not measured here. For example, autism is characterized not only by poor emotion recognition and EF-deficits, but also by a lack of central coherence, impaired local--global perception, and some aspects of social cognition that were not measured here, such as joint attention and Theory of Mind (Baron-Cohen [@CR3]; Hamilton [@CR17]; Happé and Booth [@CR18]; Mundy et al. [@CR25]), and for hyperactivity-inattention, reward/loss sensitivity, motor activity, sustained attention, and response variability may have more explanatory value (cf. Sergeant et al. [@CR34]).

Despite the fact that different cognitive domains should be covered more exhaustively in relation to social and behavioral outcomes, the partial or full explanations of group differences by cognition are an important finding of this study. There may however also be social and behavioral impairments in NF1 that cannot be explained by cognitive deficits. In this (relatively small) study, measures of disease severity were not related to socio-behavioral outcomes, but severity indices that clearly distinguish features associated with, for example, cosmetic difficulties, CNS-difficulties and physiological difficulties (without neurological involvement), and that do not incorporate outcome measures (e.g. psychological, behavioral and learning problems) may help towards further explanations of social and behavioral difficulties in NF1 (cf. Barton and North [@CR4]; Noll et al. [@CR27]).

A second important finding is the relative magnitude of group differences for different aspects of social and behavioral functioning. Results showed that group differences were by far the largest for autistic traits (effect size 54%, whereas for the other aspects of social functioning and behavior effect sizes ranged between 10 and 22%). Although a genetic link between autism and NF1 has been suggested before (e.g. Mbarek et al. [@CR22]) and abnormalities in the brain of NF1-patients resemble those found in autism spectrum disorders (cf. Acosta and Pearl [@CR2]; Moore et al. [@CR24]; Steen et al. [@CR35]; Vaccarino et al. [@CR36]; Williams and Minshew [@CR38]), previous studies focused more on internalizing behavior (including emotional problems, anxiety and depression). Our findings suggest that it may be good to aim training or treatment more directly at reducing autistic traits.

Whereas some limitations of this study, such as suboptimal refinement of cognitive constructs or the NF1-severity index, are apparent from the above, there are also a number of strengths. These include an evidence-based selection of (potential) intermediate cognitive phenotypes in associations between NF1 and socio-behavioral difficulties, but also the selection of siblings as controls (see also De Vries et al. [@CR12]). Like a number of other studies comparing sporadic and familial NF1 (e.g. Barton and North [@CR4]), we did not find differences between the two regarding cognitive and social functioning. Sibling controls, however, also reduce the chance that group differences can be attributed to factors such as home environment, which may be affected by stress and coping with NF1, or more general factors such as socio-economic status and parenting practices. Moreover, autistic traits, which feature so prominently in the present study, and other social and behavioral outcomes are known to be highly heritable (Rutter [@CR32]).

In summary, there are two important conclusions that can be drawn from this study. First, cognitive deficits appear to be important for the existence of social and behavioral problems in NF1. And second, autistic traits appear to be the greatest socio-behavioral problem for children and adolescents with NF1. Although more research is required to follow up both of these findings, it may still be concluded from this study that it appears worthwhile to target (specific aspects of) cognition in order to reduce (specific) social and behavioral problems of NF1-patients.
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